Abstract-There are various ways to generate the locomotion and moving systems. In this research, we design a new moving system without wheels, named friction board system, that realizes locomotion with internal actuated mass mounted on an inclined slider of a board. Directional locomotion can be generated by the motion of the internal mass on the slider and friction between the board and the horizontal ground. By inclining the slider, the friction board system can control the friction force and realize more effective locomotion. First, dynamic equations of the friction board system are derived. Then a feedback controller for locomotion is devised using LQ method. Finally the locomotion generation law of the friction board system is verified experimentally.
I. INTRODUCTION
There are various types of locomotion systems, such as wheeled robots, hopping robots, and walking robots. These robots share one property in common, i.e., having external moving components, such as wheels, legs, or flexible bodies. There are also locomotion systems without specific external moving components, that can move by the motion of internal components and the interaction with the environment. For example, in Chernousko's research, he has shown a snakelike robot which moves by utilizing the friction force [1] , [2] . Similar ideas have been exploited by various groups, such as impact driving systems [3] , stick-slip actuators [4] , a pendulum driven cart [5] , and capsubot [6] . An inversion of such mechanism is used in parts feeder designs [7] .
In this research, we propose a new moving system utilizing internal and friction forces. The proposed system consists of a base board, an actuated mass, and a slider which is mounted on the board. The actuated mass is attached to the inclined slider. The system is driven by internal force between the sliding mass and the board. We named this system "Friction board system". With the inclined slider, the friction board can control the friction force between the board and the ground to achieve effective locomotion. The precise explanation is given in the following sections.
The friction board system is expected to have many applications such as a house cleaning robot (no wheel prints during cleaning services) or a demining robot (controlled contact pressure to the ground). We are also planning to use this system as a foot part of prosthetic limbs because a locomotion generation strategy of this system is similar to human walking process. The idea to conserve its momentum while avoiding slips may also be useful for enhancing vehicle stability on a slippery road.
II. SYSTEM DESIGN
In [6] , we presented an unwheeled locomotion system named capsubot, as shown in Fig. 1 . This model is one of simple moving mechanisms utilizing internal force and friction.
When the mass on the board is moved to the left, the board is driven to the right by a reactive force of the mass. In order to control the friction force between the board and the ground, we propose a new structure using the inclined slider shown in Fig. 2 . The slider has a fixed orientation to the horizontal moving board. Physical parameters and variables in this model are shown in Table I . WePI25.5
In this paper, we assume that there is no friction between the slider and the sliding mass, and the board will never jump up from the ground. The equations of motions of the sliding mass and the board are given as
where, g is the gravitational acceleration and f is the friction force from the ground. f depends on the board velocityẋ 1 . When the board is moving (ẋ 1 = 0),
and, when the board is stationary(ẋ 1 = 0),
From eq. (1) and (2),
By cancelingẍ 2 from eq. (1), we have the equation of N 2 andẍ 1 as
From eq. (6) and the upper part of eq. (2),
Canceling N 2 from eq. (2), and using eq. (7), we have a equation between N 1 and F, f as
Then we consider the conditional branching of the friction force f . There are two conditions of static and dynamical frictions; 1) Static friction (ẋ 1 = 0): Ifẋ 1 = 0 and the friction force f is in a region −µ 0 N 1 < f < µ 0 N 1 , the board stops due to the static friction. From eq. (4) and eq. (6),
Under the static friction, applying eq. (9) to N 1 of eq. (8) ,
2) Dynamical friction (ẋ 1 > 0): In this case, the dynamical friction force is represented as f = µN 1 . From eq. (8),
Thus, from eq. (7),
By rewriting this equation with coefficients b 2 , d 2 ;
then, we have the following state space representation;
where, b 2 , b 4 , d 2 and d 4 are variables dependent onẋ 1 . From eq. (1), (2) and (3) these variables are obtained for following three cases; 1) moving forward (ẋ 1 > 0):
2) the board stops (ẋ 1 = 0):
3) moving backward (ẋ 1 < 0):
The variables b 4 and d 4 are given from eq. (5) as
These variables b 2 , d 2 , b 4 and d 4 take constant values for each case with a fixed slider angle θ, but will change discontinuously to the change of the board velocityẋ 1 .
The system of eq. (13) can be divided into two independent subsystems for a state vector [x 1 ,ẋ 1 ] and [x 2 ,ẋ 2 ]. The rank of each subsystem matrix is 2, except the case that the board stops due to the static friction, that is, F 0− < u < F 0+ . In the case F 0− < u < F 0+ , the rank of subsystem matrix for
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III. PROPERTIES
The slope of the slider gives some advantages in both forward and backward motions. Pulling the sliding mass with force F in −x 2 direction implies pushing the board in both +x 1 and +y 1 directions.
Initially it would appear that the slope θ reduces the forward directional mobility because the vertical force seems only to waste energy. However, the vertical force reduces the normal force N 1 and the friction force f . This reduced friction force yields greaterẍ 1 . As a result, the acceleration x 1 increases by the slope θ.
In backward motion, increase of the maximum static friction force µ 0 N 1 gives the less backward movement of the board. Furthermore the friction board system has a characteristic property, so to speak, "self-locking" mechanism. It realizes the complete stop in backward motion phase.
A. Threshold input (forward case:F 0+ < 0)
In order to move the board forward, the reactive force generated by the pulled sliding mass must be larger than the friction f . From eq. (13),
The boundary input F 0+ (< 0) for forward movement (x 1 > 0) is given by eq. (18). At boundary condition thaẗ x 1 = 0, µ = µ 0 and from eq. (14), (15),
The board moves forward if F < F 0+ is satisfied.
B. Threshold input (backward case:F 0− > 0)
While the sliding mass goes back to the initial position on the board, the board should not move backward (−x 1 direction). The lower bound F 0− (> 0) for backward motion is given by eq. (19). At boundary condition thatẍ 1 = 0, µ = µ 0 , and from eq. (16), (17)
The board will not come back if F < F 0− is satisfied.
C. Acceleration property in forward motion(F < 0)
It is true that the force in the forward direction exerted on the board is reduced by the slider slope, but the vertical force reduces the normal force N 1 and the friction force f .From eq. (11),
The reduction of f results in the longer travel distance. For the given F , the accelerationẍ 1 for different µ are plotted for the slider slope θ in Fig. 3 . 
D. Static friction property in backward motion(F > 0)
Before starting the next cycle, it is necessary to move the sliding mass back to the initial position on the board.
With the inclined slider, N 1 and the maximum static friction force f 0 are increased by F .
Then in the backward motion, the sliding mass can be moved with a large force keeping the board stationary. The boundary input F 0− for different µ 0 are shown in Fig. 4 .
E. Self-locking
The friction board system has a "self-locking" mechanism. Even if the large backward force F is applied, the board will stay when the angle θ satisfies the inequality θ >= θ c . We call this angle as the critical angle θ c . From cos θ c − µ 0 sin θ c = 0,
When the slider applies backward force to the board, the slider also increases the friction force more significantly.
In most cases, however, the critical angle becomes too large to realize desirable motion unless µ is extremely large value. (For example in a common building floor with friction coefficient µ = 0.30, the critical angle becomes θ c = 73.3008 [deg] . In this case the effect of the gravity seems considerable.) The gravity moves the sliding mass faster, but doesn't contribute the reactive force to the board. Because the sliding mass moves faster without pulling the board, it can be said that the gravity makes the slider length shorter.
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Thus in this case, the self-locking mechanism is no longer efficient. For another purposes, however, the large slope might be useful. For example, when we need to have the board moving on an icy condition. In that case it can be a useful way to use the self-locking mechanism.
IV. CONTROLLER DESIGN
Feedback controllers are used to provide robustness against system disturbances. If there are only internal forces, the total amount of momentum in a system is conserved. This principle is called "Conservation of momentum". In this section, two controllers based on the principle are designed. One controller is for accumulating momentum (Controller 1) and the other is for releasing the momentum as movement of the board (Controller 2).
A. Linear Quadratic Regulator
Consider a linear system
and a criterion J with weighting functions Q, R.
Then, the optimal control input u is given by
where, P is a positive-definite solution of the Riccati equation
In our model of eq. (13), the system has a constant disturbance term D. The Smith-Devison method is used to design optimal controller based on the linear quadratic Riccati equation.
B. Smith-Devison Method
The Smith-Devison method is a controller design method for a linear system with constant disturbance or position reference [9] .
Consider a system including an disturbance term D;
If the disturbance D is steady step value, the optimal input u also becomes steady step value. Then the criterion function J has gone to ∞. In order to avoid the situation, we need to design a extended system
where, e = x − x ref . Then optimal input u is given as
where, P ′ is a positive-definite solution of the Riccati equation
and the criterion function J should be
C. LQ Controller 1 (Accumulation of Momentum)
We introduce a LQ controller to accumulate momentum by leading the sliding mass at a velocity v ref . This controller is designed for the state variable x 2 . Because this controller is used after the board stopped, both b 4 and d 4 are assumed constant.
Consider a given reference velocity v ref as a step function, and the servo system designed by Smith-Devison method will be d dt
In this system, the steady step reference value v ref remains
Repeat the same operation once more in order to cancel the constant v ref , and then the augmented system is given as
where P ′ is a positive-definite solution of the Riccati equation, and the criterion function J should be
In the simulation and implementation, v ref should be checked repeatedly in order to achieve larger travel distances. But the condition about x 2 and slider length l (0 ≤ x 2 ≤ l) should be obtained through the experiments.
D. LQ Controller 2 (Release of the Momentum)
Next, this controller should be designed to use the accumulated momentum as motivation of the board and to return the sliding mass to initial position. Because b 4 and d 4 change corresponding toẋ 1 , two controllers need to be designed. The controller 2-A is designed for the case ofẋ 1 > 0, and the controller 2-B is designed for the case ofẋ 1 = 0. For the controller 2-A, the coefficients b 4 , d 4 are assumed constant because it is used only while the board is moving forward including the moment to start. For the controller 2-B, b 4 , d 4 are also assumed constant because it is used only after the board stops. Consider the augmented system
Then the optimal input u 2 should be,
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E. Controller switching
The control phase should be changed from LQ Controller 1 to 2 on the condition that the inequality
is satisfied, and LQ Controller 2 is changed to 1 if the inequality
is satisfied, where, ǫ 1 , ǫ 2 are assumed as very little values. When the inequality(27) is satisfied, the sliding mass has enough large momentum. After that if the inequality(28) is satisfied, we know that the momentum has already released as board movement.
V. EXPERIMENT
In order to verify the validity of the proposed method, the friction board system was built as shown in Fig. 5 . The sliding mass was divided into two parts in order to realize two dimensional movement. These results will be presented in a future paper. In the controller design, we set the reference velocity as v ref = 0.7[m/s] in consideration of the specifications of the motor, and the weighting functions are determined empirically as follow;
In this paper, we demonstrate the two slider condition of the inclined model and horizontal model. 
A. Inclined model

C. Discussion
Comparisons of locomotion of the inclined and horizontal models are shown in Fig. 10 . Figure (a) shows the travel distances, and figure (b) shows the inputs. In terms of travel distance for one cycle, the inclined model is better than horizontal model. On the contrary, in terms of consumption energy for one stroke, the horizontal model costs even less than the inclined model. The energy to accumulate momentum in the inclined model is much larger than that of the horizontal model because of the force of gravity. Table III shows the comparative results of the motion characteristics. From the results, it can be seen that the consumption energy per cycle of the inclined model is 10.1 [%] larger then the horizontal model, however, the travel distance of the inclined model is 25.0[%] farther than the horizontal model. In terms of consumed energy for a distance, the inclined model improves the energy efficiency by 13.57 [%] . In addition, in terms of average speed, the inclined model is 23. 4 [%] faster than the horizontal model.
Thus we can conclude that with the same physical set up, the boundary input F max and the limited slider length l, the inclined model structure can achieve better energy efficiency and faster locomotion.
VI. CONCLUSIONS AND FUTURE WORKS
A. Conclusions
In this study, we proposed a new moving system without wheels and gave a strategy to improve the efficiency. In the numerical simulations and experiments, improvement on the efficiency of the friction board system was verified and the proposed system worked successfully. The experimental results shows that we can control the friction force effectively by arranging the slider angle θ. The characteristics of the locomotion was evaluated in terms of energy efficiency and average speed. Comparison with the horizontal model with same physical parameters, the proposed inclined model increases the energy efficiency.
B. Future works
In order to realize the more efficient locomotion, we will conduct the theoretical analysis and development of the more suitable control method. In this paper, we considered only linear motion of the friction board system. In the future, 2D locomotion will also be analyzed and implemented.
